Habitat loss and fragmentation are main causes for Asian elephant population declines. We mapped wildlands -large, unfragmented and undeveloped areas -asking: (1) Where are the largest wildlands that constitute elephant habitats? (2) What proportion of these wildlands is protected? (3) What is their potential for elephant conservation? Our study demonstrates that wildlands constitute only 51% of the Asian elephant range. Myanmar has the largest wildland (~170,000 km 2 ), followed by Thailand and India. In Principal Components Analysis (PCA), the first two components explained 73% of the variation in fragmentation among ranges. We identified three fragmentation clusters from the PCA. Cluster A contains large ranges with unfragmented wildlands; cluster B includes ranges with well-developed transportation networks and large human populations; and cluster C contains ranges with severely fragmented wildlands. In cluster A, we identified four ranges with elephant populations >1000 animals: ARYO, MYUC, BNMH and BITE. Together with ranges that support >1000 elephants in cluster B, these A ranges have great potential for long-term elephant conservation. We propose that fragmentation clusters and population size can be used to identify different elephant monitoring and management zones.
INTRODUCTION

Wild populations of Asian elephant (Elephas maximus)
are declining and are currently estimated at 25,000-50,000 elephants (Santiapillai & Jackson, 1990; Sukumar, 1990) . These estimates represent educated guesses compiled by elephant specialists (Sukumar, 1989; Santiapillai & Jackson, 1990; Dawson, 1993) .
The main reason for the Asian elephant's decline is dramatic habitat loss due to habitat fragmentation, expanding human populations and growing resource demands (Sukumar, 1989) . Once found throughout much of Asia, elephant populations are now restricted to small and isolated habitat fragments dispersed across 13 countries (Sukumar, 1989; Santiapillai & Jackson, 1990) . Growing rural populations, agricultural land conversion and deforestation have blocked traditional migration routes and pushed elephants into ever-shrinking habitat islands. Pocketed elephants with reduced access to resources increasingly take to crop raiding (Sukumar & Gadgil, 1988; Sukumar, 1991; Santiapillai & Ramono, 1993; Williams, Johnsingh & Krausman, 2001) , and face almost certain extermination by local villagers.
Little is know about how much unfragmented habitat remains inside the species' geographic range. This information is essential for long-term elephant conservation, because elephants depend on entire landscapes rather than a few habitat patches. Modern mapping technology provides the spatial analysis tools and data needed to determine how much habitat remains for endangered species (McShea et al., 1999; Rappole, King & Leimgruber, 2000) and how much has been affected by development (Liu et al., 2001) . We have used Geographic Information Systems (GIS) in combination with satellite data and other digital maps to answer three questions: (1) Where in Asia are the largest unfragmented wildlands that constitute elephant habitats? (2) What proportion of these unfragmented wildlands is protected? (3) What potential do these unfragmented wildlands offer for long-term conservation of elephant populations?
METHODS
Mapping definitions
We define wildlands as large areas of natural vegetation unaffected by habitat fragmentation over time periods long enough that natural ecological processes (e.g., natural regeneration) determine ecosystem structure, composition and functions. Wildlands must be large enough to support viable populations of naturally occurring species. They must also be large enough so that natural disturbances do not reduce their area below the minimum required to maintain viable populations (Pickett & Thompson, 1978) .
To map wildlands for Asian elephant conservation, we combined global land-cover data with development data, under the following assumptions:
(a) Long-term elephant conservation requires large wildlands (Sukumar, 1989) . All major natural vegetation types (e.g., forest, shrubland/savanna, grassland) are potentially wildlands and can be mapped using satellite data. (b) Elephants live in a variety of wildland habitats, including grasslands, shrublands/savannas and forests (McKay, 1973; Seidensticker, 1984 
Data sources and mapping
Based on our mapping assumptions we combined data layers from eight different sources to create two products:
(1) a map delineating remaining unfragmented wildlands inside and outside elephant ranges; (2) a map showing current protection status of these wildlands (Table 1 ; Fig. 1 ). Each hierarchical mapping step corresponded to one or several of our assumptions. Details on mapping procedures and data sources are listed in Appendix 1.
(a) Extracting potential wildlands. We used the 1 km resolution Global Land Cover Characterization (GLCC) map to extract potential wildlands (Appendix 1(a)). We created three wildland categories by reducing the original GLCC land-cover classes into: forest, shrubland/savanna and grassland (Appendix 2, Fig. 1 ). (b) Removing irrigated grasslands from wildlands.
Distinguishing grasslands from croplands using satellite imagery is difficult because of similarities in spectral reflectances. We used global irrigation data to exclude areas with >0% irrigation from our grassland category, assuming these areas are agricultural. Fig. 1 . Flowchart of data analysis for mapping remaining wildlands in elephant ranges and determining protection status of wildlands. Letters correspond to analysis steps described in the methods section.
(c) Removing areas with frequent fires. We removed areas with frequent fires from wildlands, using a fire index based on fire regimes of different ecosystems (Appendix 1(b)). We compiled daily fire data for Asia in a 1 km resolution raster map. Bliss & Olsen, 1996; Gesch & Larson, 1996) .
Jackson, 1990), we further reduced our wildlands by excluding areas outside ranges or above 2500 m elevation. (g) Wildland protection status inside elephant ranges.
We used a digital protected areas map (World Conservation Monitoring Centre, 1997) to assess how much of the remaining wildland in elephant ranges is protected.
Quantifying wildland fragmentation
For each range country we calculated elephant range area, remaining wildland inside ranges, and percent protected wildland inside ranges. We also summarized wildland information by elephant range irrespective of country boundaries by calculating number of remaining patches, total patch area and mean patch area. Given the coarseness of published range maps, we sometimes had difficulties in precisely matching elephant ranges with other layers.
To compensate, we also calculated the total area of the largest wildland in the vicinity of a range. For this index a precise geographic match was not required. However, if there were few wildlands inside a range, there were also few unfragmented wildlands in the vicinity.
Determining fragmentation patterns
To identify variables that best explain variation in fragmentation across the Asian elephant's geographic range, we applied Principal Components Analysis (PCA) (Systat, 2000) . We included the following variables: range area, number of patches, average patch area, total patch area, and area for the largest wildland patch in the range's vicinity. Increases in human population density and transportation network density cause habitat loss and fragmentation and we added these variables to the analysis. Mean population density was calculated based on Landscan 2001, a global database on human populations (Table 1) . Transportation network density was determined by dividing the length of roads, railroads, powerlines and pipelines by the range's area. PCA results indicated two distinct fragmentation gradients and we used K-means clustering to identify fragmentation clusters along these gradients. To investigate relationships between fragmentation clusters and elephant populations, we assigned each elephant range to a population category: category 1: small populations <1000 elephants, and category 2: large populations ≥1000 elephants. This classification was based on published estimates (Santiapillai & Jackson, 1990; Santiapillai, 1997) . We used Fisher's exact test to check for significant associations between fragmentation and elephant population categories.
RESULTS
Only 51% of the Asian elephant's geographic range can be considered wildland (Fig. 2) . Agriculture, irrigation, fires and roads affect all other range areas. Of these wildlands, only 16% are under legal protection.
Myanmar has the largest amount of remaining wildland in elephant ranges (Table 2; Fig. 3 ). These ranges have more wildland area than the combined ranges of Thailand and India, the countries ranking second and third. Thailand has the most protected wildlands, followed by Myanmar. However, if relative protection is considered (i.e., percent wildland protected), Myanmar is at the bottom of the list along with Nepal and China, while Thailand and Sri Lanka have the highest degree of protection.
PCA results demonstrate general trends in fragmentation and development (Table 3) . Together, the first two principal components explain 73% of the variation among 59 elephant ranges. Component 1 (46% variation) separated highly fragmented ranges from ranges with extensive, unfragmented wildlands. It had strong correlations with range area, total wildland patch area average wildland patch area and area of the largest wildland patch in range vicinity. Component 2 (27% variation) was primarily a function of transportation network and mean population densities. It separated ranges with substantial development and human population densities from other ranges. It also had a stronger correlation with number of wildland patches than component 1, indicating that patchiness increases with development and human population. Projections of individual ranges onto principal components demonstrate gradients and reveal distinct elephant range groups (Fig. 4) . Using K-means clustering on principal component scores, we separated ranges into three distinct clusters. Cluster A includes the large ranges within Asia's largest unfragmented wildlands. Cluster B is composed of ranges that are variable in size but have high human populations and are fragmented by dense transportation networks. The highly fragmented ranges of Southeast Asia and South Asia constitute cluster C.
Cross-tabulating population categories against fragmentation clusters revealed that clusters A and B had more ranges in population category 2 than expected by chance, while more ranges in cluster C were category 1. This indicates that, though not essential to elephant survival, large unfragmented wildlands are more likely to support large elephant populations.
Of ten ranges in population category 2, the first four are members of cluster A, and are characterized by large, unfragmented wildlands (Table 5 ). The next four belong to cluster B, and while these ranges have a large amount of wildland left (>3500 km 2 ), mean patch sizes are low (< 900 km 2 ). These ranges also have high scores on principal component 2, which represents a strong positive correlation with transportation network density and mean population density. The remaining two ranges fall into Fig. 4 . Projections of 59 elephant ranges onto the first two principal components summarizing fragmentation, development and human populations. Clusters derived from K-means cluster analysis are indicted and represent distinct management categories. Cluster A represents large ranges with large unfragmented wildlands; cluster B includes ranges with dense transportation networks and high human population densities; cluster C is characterized by highly fragmented ranges with little road development and few people. Abbreviations for each range are given and can be compared to range information in Table 5 . Clusters were created using K-means clustering on principal components scores (see Fig. 4 ). b Population categories were assigned based on data in the literature: 1, <1000 elephants; 2, ≥1000 elephants.
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Fig. 5. Management categories for elephant ranges based on K-means clustering of principal components scores (capital letters) and population categories (numbers).
Cluster A represents large ranges with large unfragmented wildlands; cluster B includes ranges with dense transportation networks and high human population densities; and cluster C is characterized by highly fragmented ranges with little road development and few people. Population category 1 indicates the range has an estimated elephant population below 1000 elephants; category 2 stands for ranges with estimated elephant populations above 1000.
cluster C and are more fragmented. However, all of the ranges in population category 2 have a total wildland area > 2000 km 2 . This value may represent a threshold below which it is difficult to maintain large elephant populations in the long term. Only 23 of the 59 elephant ranges are above this threshold.
DISCUSSION
How much is remaining?
Our results indicate a dire situation for Asian elephants. We confirmed that only 51% of the geographic range consisted of unfragmented wildlands by the 1990s. Only 8% of the entire range was protected; little of that was unfragmented wildland. While 16% of the unfragmented wildland in the Asian elephant's range is protected according to IUCN, many protected areas may be paper parks, affording little protection for elephants (Kramer, van Schaik & Johnson, 1997) .
Our assessment was based on data from the 1980s and 1990s. Since then the situation has become worse. Annual deforestation rates in Southeast Asia are increasing and are close to 1.9% as compared to global rates of 0.2-0.3% (Matthews, 2001 ). The disappearing forests may be prime elephant habitats. The resulting fragmentation may further threaten elephants by pushing them into shrinking habitat islands and increasing people-elephant conflicts (Sukumar, 1989; Desai, 1991; Johnsingh, 1993) .
Most elephant ranges are very fragmented and contain little wildland area. These ranges may not sustain elephant populations over the long term unless range connectivity is improved. Sukumar (1989) estimated minimum viable area for long-term conservation of an elephant population (500 breeding individuals; 1:5 male to female sex ratio; 0.5 elephant/km 2 ) to be 4400 km 2 . Only 14 of 59 ranges have wildland areas larger than this minimum (Table 5) . In rainforest habitats, the minimum area increases to 13,000 km 2 because these habitats support fewer elephants (0.1 elephant/km 2 ). Most of the largest ranges are in rainforest, but only seven have a total wildland area ≥13,000 km 2 . Of ten ranges in population category 2, six have a wildland area ≥4400 km 2 , and only four have a wildland area ≥13,000 km 2 (Table 5 ). The remaining four ranges in population category 2 have a wildland area ≥2000 km 2 , which may sustain substantial elephant populations in the short term, if the habitat supports high elephant densities, as commonly found in savannas of India.
At the range level, three of six areas with the highest values for total wildland area and mean wildland patch area are inside Myanmar and its border regions. These include ARYO, MYUC, and BITE (Table 5) . If the hill region separating MYUC and BNMH is permeable to elephants, the two ranges combined possibly embody Asia's single largest elephant range and largest remaining wildland.
The four ranges mentioned above are in population category 2, further signifying their potential for elephant conservation. Yet, no systematic surveys have verified the status of elephants in these areas and current information is based on outdated rough estimates (Myint Aung, 1997) .
India, the country with the largest wild elephant population, also harbours three ranges in population category 2 (Table 5) . BNMH has the most unfragmented wildland area, followed by the smaller but still sizeable NBNE and NEAP ranges. In cluster B, the latter two are among the ranges with large wildland areas, indicating that, despite high population and tranportation network densities, these ranges have retained fairly unfragmented areas. While Thailand has a large total area covered by wildlands, only BITE falls into cluster A and population category 2 (Table 5 ). All other elephant ranges in Thailand are in cluster C and are small and fragmented.
Fragmentation patterns and conservation implications
Fragmentation and development patterns differ widely across the Asian elephant's geographic range, reflecting economic, social and cultural differences among countries (Table 5 ; Fig. 5 ). The patterns also reflect differences in threats to elephant populations. Our ordination analysis identified distinct gradients in population density, transportation network development and fragmentation patterns, and delineated three major groups of ranges. Together with population size categories, fragmentation clusters can be used to stratify the Asian elephant range into conservation management zones with specific goals:
A 2 -Unfragmented ranges with large elephant populations: Cluster A ranges consist of large and unfragmented wildland tracts with virtually no roads and small human populations. Preliminary information from a deforestation study of Myanmar using Landsat imagery suggests that this is true for at least four cluster A ranges: ARYO, MYUC, BNMH and BITE (P. Leimgruber, unpubl. data). Large forest tracts connect the first three of these ranges, potentially facilitating migration and exchange of elephants between populations.
The A 2 category ranges have a high potential for longterm habitat conservation and maintenance of large wild populations. Highest priority should be given to fast-track establishment of protected areas. Targeted killing for ivory and medicinal products, perpetrated by organized poacher networks, may represent the greatest threat to A 2 elephant populations and must be effectively addressed. Because of the vastness of the area, its dense forests and pronounced topography, complete population surveys will be logistically difficult. In the short term, conservation success may be measured through systematic monitoring of relative densities and trends and through effective antipoaching patrolling.
A 1 -Unfragmented ranges with small elephant populations: Reports on YUAN suggest that wildlands are severely degraded because rubber plantations have replaced forests. Elephant poaching is also a problem (Li Zhang, pers. comm.) . We lack detailed information on EASA, but previous studies report that palm oil plantations break up the range (Andau, Dawson & Sale, 1997) . Plantations are difficult to separate from closedcanopy forests in coarse-resolution satellite imagery and the wildland areas determined from our base map for EASA are probably overestimations. Elephant population in both ranges probably consists of a few, isolated groups.
The importance of A 1 ranges for elephant conservation is unclear. Fine-scale land-cover information providing greater detail about agroforestry crops, especially rubber and palm oil plantations, would be useful. Once more detailed maps become available, targeted population surveys need to be conducted to determine presence/absence of large elephant populations.
B 2 -Developed ranges with large elephant population: Cluster B characterizes well-developed ranges populated by people. Most B 2 ranges are found in South Asia, reflecting the differences in development and population density between South Asia and parts of Southeast Asia. While more fragmented than A ranges, some B 2 ranges have large wildlands remaining (Fig. 3) .
The large number of Asian elephants surviving in South Asia's B 2 ranges attests that development and proximity to human populations are not always detrimental. However, many studies in South Asia have shown how further development negatively impacts these elephant populations (Sukumar & Gadgil, 1988; Sukumar, 1991; Williams et al., 2001) .
Conservation management should emphasize mitigation of people-elephant conflicts, wildlife law enforcement to prevent poaching, and continued population monitoring. The latter is logistically feasible because of the relative openness of the habitats in many of these ranges.
B 1 -Developed ranges with small elephant populations: All B 1 ranges appear to be located amidst dense human populations. Several of these populations are probably severely isolated, and conservation management needs to focus on increasing connectivity between populations for effective metapopulation management, development of strategies to reclaim elephant habitat and prevention of further habitat loss. For B 2 ranges, priorities should include mitigation of people-elephant conflicts, wildlife law enforcement and continued population monitoring.
C 2/C 1 -Fragmented ranges with large and small elephant populations: Cluster C contains a large number of small and fragmented elephant ranges, primarily in Southeast Asia. The C ranges are currently being degraded by logging, road construction and land conversion. In Indonesia and Malaysia, for example, ranges are threatened by expanding large-scale palm oil plantations (Santiapillai & Ramono, 1993; Andau et al., 1997) . Available habitat is being fragmented and converted. As elephant populations and habitats become more isolated and fragmented, risk of crop raiding and people-elephant conflicts increases.
Conservation efforts should focus on increasing the effectiveness of existing protected areas, identifying corridors for linking protected elephant ranges, and working with local and regional authorities to develop land-use planning which would allow for long-term conservation of wild elephants. Because elephant populations and habitats in clusters C 1 and 2 are subject to rapid changes, monitoring efforts should be concentrated in these categories.
Wildland fragmentation versus population size?
On first view, our study seems to reveal a striking dichotomy, with large unfragmented wildlands mostly in Southeast Asia but with almost half of the remaining elephant population surviving in developed and populated areas of South Asia. Closer inspection illustrates that all ranges with large elephant populations have wildlands of at least 2000 km 2 ; some of the South Asian ranges with very large elephant populations have no less than 4000 km 2 . Habitat loss, fragmentation and resulting increases in people-elephant conflicts are the leading causes for the Asian elephant's decline (Sukumar, 1989; Santiapillai & Ramono, 1993; Santiapillai, 1997; Williams et al., 2001) . Asian elephants require large areas, have a tremendous role in shaping the landscapes, and need a mixture of habitats to thrive (Sukumar, 1989; Santiapillai, 1997) . Maintaining large unfragmented wildlands will be an essential tool in the long-term conservation of this landscape species. Our study identifies areas with the greatest potential for this type of conservation strategy.
Many of the important large ranges are not well studied and have received little attention from conservation practitioners. For example, published work on Asian elephant ecology and conservation has focused on a relatively few ranges in India, Sri Lanka, Malaysia and Indonesia (see citations in Olivier 1978a,b; Sukumar, 1989; Santiapillai & Jackson, 1990) but not on ranges in Myanmar, Northern Assam or Thailand. There is a stunning paucity of technical capacity and international conservation efforts in the largest remaining wildlands with potentially some of the largest remaining elephant populations. These wildlands have received little attention as a consequence of political instability, isolationist governments and lack of international donor interest.
Fragmentation has had an effect on elephants, but preserving wildlands is not a universal remedy to ensure elephant conservation. Asian elephants have lived in close proximity to people over centuries and appear to survive in populated and developed environments (Santiapillai, 1997) . Many of India's elephants occur in highly fragmented habitats, in close proximity to sizeable human populations, and in areas with well-developed transportation networks. However, close proximity of people and elephants has its price. India and Sri Lanka suffer from the highest levels of people-elephant conflicts, often resulting in deaths among both species (Sukumar, 1989) . Why and how substantial elephant populations can survive in fragmented and developed conditions has not been sufficiently addressed. Possible explanations are based on differences in:
Habitat quality: India and Sri Lanka's large elephant populations predominantly occur in savanna habitats.
Savannas provide ample access to grasses and important elephant food plants (Sukumar, 1989) . Tropical rainforests have fewer food plants resulting in lower carrying capacities. To test this pattern further will require comparing behaviour, ecology and population densities between Asian 'savanna' and 'forest' elephants.
Conservation management: Improved management, legislation and wildlife law enforcement may explain high elephant densities in developed ranges. In India these conservation instruments are functioning better than in other parts of the range. Myanmar, for example, has an inadequate protected area system encompassing only 2.3-4.5% of the country (Rao, Rabinowitz & Saw Tun Khaing, 2002; Myint Aung, unpubl. data) . Financial means to safeguard natural resources are lacking and most protected areas do not have sufficient physical infrastructure, personnel or technical capacity. Poaching appears to be common, and protected areas have been degraded by agricultural conversion. Live capture of elephants cannot be controlled because the current registration system for domestic elephants is outdated and ill-maintained (Shepherd, 2002) .
CONCLUSIONS
Regional landscape analyses such as our study can provide new perspectives for future elephant monitoring and conservation. The demonstrated regional variation has its roots in the history of elephant management and conservation as well as in economic, social and cultural differences among range countries. Further research exploring some of these factors in depth is needed. Our analysis produced several important insights:
(1) Elephant population size and habitat fragmentation vary tremendously among regions. (2) There are three distinct types of ranges that best summarize the regional variation. (3) Large unfragmented areas and populations exist in Southeast Asia that have received little attention but will play a significant role in long-term elephant conservation. (4) In South Asia large elephant populations do not always occur in large and unfragmented wildlands. (5) Regional pattern demonstrate the need to adapt monitoring and management to regional conditions. (6) We need comparative studies to understand better the differences between Asian savanna and forest elephants. (7) Landscape level information on habitat conditions derived from satellite imagery will be useful to develop good monitoring and management strategies.
